The properties of thermo-mechanical fatigue (TMF) of two Ni-base single-crystal (SC) superalloys developed at NIMS were studied. The superalloys with different Re amounts of 5% (TMS-75) and 2.4% (TMS-82+) showed different TMF behaviors.
Introduction
Because singe-crystal superalloys offer improved creep and fatigue resistance compared to conventionally cast superalloys, such as equiaxed and directionally solidified columnar grain components, single crystal superalloys have been developed since the early 1990's. For example, TMS-82+ and TMS-75 were developed at NIMS as a modified second-and a third-generation SC superalloys [1] [2] [3] [4] . TMS-82+ is of high phase stability and excellent high temperature creep strength. Blades made of these two superalloys were tested in a gas turbine unit a few years ago at Toshiba LTD. in Japan; the tests consisted of approximately 500 hours of practical operation [1] .
Thermal-mechanical fatigue is a critical property for applications of high temperature materials [2] [3] [4] [5] [6] . For example, the electric power consumption is usually increased from the morning experiencing a peak and decreased in the evening. Hence, under this specific condition gas turbine engines must be started and shutdown once a day to adjust the consumption of electricity energy. The stresses may arise from temperature gradients in the airfoils during startup and shutdown operations or from gradients within the cooled airfoils. Such cyclic loading is referred to as thermo-mechanical fatigue (TMF) [2] [3] [4] . During the hold period of operation, blades and vans are subject to compressive stress. It is important to understand the behavior of superalloy during the TMF cycle and the hold time. Designing superalloys of various chemical compositions is one way to achieve these objectives. Nevertheless, the current knowledge regarding TMF failure and the means improving TMF properties by designing new superalloys is limited.
The current study compares the TMF behaviors of two SC superalloys (TMS-75 and TMS-82+) by changing their chemical composition.
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Experimental Procedure
The compositions of the two superalloys, TMS-75 and TMS-82+, are listed in Table I . TMS-75 is a typical third-generation SC superalloy and TMS-82+ is a typical second-generation type. Deviations from the <001> orientation to the specimen axis were within 7 to 8 .
TMF tests were conducted on a servo-hydraulic, closed-loop machine (MTS-type 810) using radio frequency induction heating system in air. The total strain ( t ) was measured using an axial extensometer on the gauge length of 12 mm. TMF behavior was recorded for simplified thermal cycles between two temperatures, 400 ºC and 900 ºC. Fine calibrations were performed on the thermal expansion of specimens with temperatures. A zero strain was applied at the mid-temperature of 650 ºC before starting the TMF cycling. In a cycle, specimens were strained at 900 ºC in the compression stage, unloaded, cooled to 400 ºC in the tension stage, and then strained in the opposite direction to produce a completely reversed strain cycle. A hold time, ranging from 10 min. to 10 hours, was introduced at the maximum stress in compression for some of the TMF tests. The wave type of TMF was triangular and /or trapezoidal. The stress response and hysteresis loop were recorded at specified intervals. Figure 1 shows a schematic plot of an out-of-phase (OP) TMF cycling, in which, t is total strain, T is temperature, t H is hold time in the compression stage. The total cycle period ranged from 6 min. to 606 min., depending on the hold time at the maximum strain in compression.
Deformed specimens after TMF tests were sectioned parallel to the (100) plane for metallography and scanning electron microscopy (SEM, Philips XL30) characterization and comparison of microstructural changes while TMF was conducted.
TEM specimens were prepared from the sections of TMF specimens, perpendicular to the longitudinal axis or along the As seen from Table II , the introduction of the hold time led to a drastic reduction in the lifetime of TMF but to a different extent.
Although the TMS-82+ has an inferior TMF property with t H =0, it shows a remarkably better normalized rupture life than TMS-75
with t H 0 in Figure 2 .
The curves of the variation in the maximum stresses under tension ( t ) and compression ( c ) during the TMF cycle are shown in and TMS-82+ (Figure 6b ), which were recorded at half cycles to failure under identical testing conditions, are shown in Figure 6 .
The yielding in the tension phase is caused by a transition from elastic strain to plastic strain due to a stress relaxation [2, 3] . It can be seen that the TMS-82+ has higher stress relaxation resistance in the compression stage than the TMS-75 under identical testing conditions. A higher stress relaxation resistance corresponds to a smaller plastic strain gained in the tension stage and a longer TMF rupture life. This result implies that a higher stress relaxation resistance at 900 ºC would be advantageous to achieve a small plastic deformation in tension, and thus a good property in the case of TMF with the hold time. Defect structures of TMS-82+ and TMS-75 were investigated by TEM. In general, the dislocation density was increased with the fatigue cycles in both superalloys. In addition to the dislocations with the Burgers vector of a/2<110> in the matrices, many stacking faults (SFs) were observed in the ' precipitates ( Figure 9 ).
Inspections on the SFs in the two superalloys indicated that the formation of SFs resulted from the disassociation of single matrix dislocations confirming the previous conclusion [2] [3] [4] . Therefore, the formation of SFs in both alloys is expressed in equation ( (1) Although the TMF property of TMS-82+ was poor without a hold time, it exhibited a better TMF property than that of TMS-75 for TMF with a hold time.
(2) TMS-82+ showed higher tensile strength at 400 ºC and higher stress relaxation resistance at 900 ºC than TMS-75, which led to a smaller plastic deformation in tension and a longer rupture life in TMS-82+. TMS-82+, with its high phase stability, excellent high temperature creep strength and good TMF properties, is promising to be a substitute for the commercial second-and third-generation SC superalloys for the application in gas turbine engines.
